Prolonged testing of marine fish oil (FO) as a dietary supplement is necessary because of widespread claims that it is antiatherogenic
T he prevalence of atherosclerosis may be reduced in some groups of people whose diet is based on marine fish and mammals compared with the prevalence when dietary fat is derived mostly from farmed mammals. 1 -10 Marine fish oil (FO) is rich in a>-3 polyunsaturates, and this has prompted the hypothesis that these fatty acids are antiatherogenic. Results of brief clinical trials and experiments tend to support the hypothesis, 11 -27 and this encourages commercial marketing of FO, which is available without restriction as a food supplement.
However, there are several reasons why it can be wrong to extrapolate the short-term changes in exper-iments and clinical trials directly to atherosclerosis. Progression of atherogenesis is chronic and may span more than 50 years in humans before the complications of end-stage disease. Eskimos do not supplement their diet with industrially prepared FO, but marine mammals do provide much of their food. 28 The stereochemistry of the triacylglycerols (TGs) in the fats of marine fish and mammals differs and may influence the physiological and pharmacological properties of the fatty acids. 28 ' 29 Most clinical and experimental studies have not established tissue responses to the FO used, doses seem excessive, and the stereochemistry of the TGs has not been determined. Tnere are reports of unfavorable effects on atherosclerosis and on lipids and lipoproteins after FO supplementation in humans and other species. 30 -40 This study makes a contribution by fulfilling some basic criteria. A major source of marine FO was tested for a sufficiently long time to influence the atherosclerosis modeled in omnivorous primates. Any effects due to FO were gauged against those of a dietary treatment known to be antiatherogenic in the model. 41 " 43 Dietary treatments were not loaded excessively with saturated fat and cholesterol to accelerate ath-Since a major source of FO from Atlantic pilchards (Sardinops oscellata) is available commercially as a food supplement, the experiment tested for antiatherogenic effects of this oil when combined with a proven AD 41 - 42 and for an increased effect by changing to a therapeutic diet (TD) with FO added. Polyunsaturates supplied by the FO were controlled by sunflower (Helianthus annuus) seed oil (SO) rich in linoleic acid in the same diets fed to matched groups. The AD and TD were composed entirely of normal cooked foods for Westernized people. The preparation of the diets has been described, the TD being modified from a prudent diet known to regress some components of atherosclerosis in females. 41 " 43 In summary, the AD increased the contents of saturated fat, animal protein, refined carbohydrates, and salt compared with the TD. In the TD, the content and saturation of fat were reduced, cholesterol was minimal, less animal protein was used, no salt was added, and plant protein, fiber, and unrefined carbohydrate were increased. The sources and contents of meats, eggs, fats, carbohydrates, and vegetables were constant, and preparation and cooking were always done by the same person in the same oven. No extra cholesterol was added to either diet. Ingredients were weighed, mixed, and cooked as patties. These were deep frozen (-20°C) until needed. For feeding, they were thawed, injected with FO or SO as required at multiple sites per patty, and immediately fed to the animals, one patty each morning and afternoon. The patties were analyzed for fat, cholesterol, and fatty acid content by described methods. 42 In addition, raw apple averaging 52.5 ±6.4 g and vitamins C (40 mg), D ? (200 IU), and folic acid (500 fig) were provided daily. Nutrient energies, cholesterol contents, and fatty acid profiles of the diets are presented in Table 1 .
The oil supplements contained 100 ppm dodecyl gallate as an antioxidant and were stored at 4°C. The fatty acid contents of the oils were present as TGs and were checked by analysis 42 five times during the experiment; eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) in the FO averaged 22.9±1.3% and 7.4±0.7%, respectively, of the total fatty acids. The SO contained 65.6±2.3% linoleic acid. The variation around these EPA, DHA, and linoleic acid mean values is small. The daily doses of 929 mg FO and 414 mg SO supplied, respectively, 254±11 mg G>-3 and 260±8 mg co-6 polyunsaturates.
The AD was fed for an average of 24.5 months (range, 15-71 months) before dietary treatments commenced. Thereafter, individual animals allocated to treatments were matched for exposure to the AD, sex, body weight, and low density lipoprotein (LDL) cholesterolemia in response to the AD. It is necessary to match for cholesterolemic response to the diet because vervets segregate into hyperresponders and hyporesponders which are relatively susceptible and resistant, respectively, to atherosclerosis. 41 
"
43 FO and SO supplementation and the TD were then started, so that dietary treatments for the next 20 months became AD/SO (five males and four females), AD/FO (four males and five females), TD/SO (six males and four females), and TD/FO (five males and four females). Total abstinence from the AD was examined in females (n=10) fed only the TD for 26 months, before which their diet from the time of weaning was high in carbohydrate and low in fat. This group controlled for any nondietary influences during the study.
Compliance: Cholesterolemia and Tissue Responses to Fish OU
The average net doses of the oil supplements were calculated from measured food intake during 5 consecutive days on two occasions. Lipoproteins, cholesterol, and TG in plasma were measured by described methods. 4142 EPA and DHA in phosphatidylcholine (PC) of red blood cells, platelets, plasma, liver, and aortic intima were determined by gas-liquid chroma- Values are mean and (SD). AD, atherogenic diet; FO, fish oil supplement; TD, therapeutic diet; SO, sunflower seed oil supplement; P/S ratio, ratio of polyunsaturated to saturated fatty acids. tography after lipid extraction and thin-layer chromatography. 42 Aortic intima was sampled adjacent to the five sites for histology (see "Atherosclerosis"). 43 The results were used to confirm compliance, to determine responses to the FO, and to correlate EPA and DHA with atherosclerosis.
Vasoconstriction
To see the effects of vasoconstriction in atherosclerotic arteries, a biopsy was taken from the right femoral artery. Local reflex vasoconstriction was stimulated by blunt dissection to expose the artery. A 5-mm portion was removed between ligatures and placed directly into buffered formalin (pH 7.2), so that vasoconstriction was maintained by fixation.
Necropsy
When the dietary treatments were completed, a procedure similar to the one previously described was applied. 43 Under surgical anesthesia, the vasculature was flushed with heparinized saline to prevent agonal clotting. Perfusion fixation was then commenced through the left ventricle at physiological pressure. The fixative contained 1% glutaraldehyde and 4% formaldehyde in buffer (pH 7.2). A modification of the procedure included extra perfusion through a catheter in the left common carotid artery for 30 minutes to ensure adequate fixation of the cerebral arteries.
A therosclerosis
After perfusion, the aorta, left common iliac, left subclavian, brachiocephalic (innominate), left and right common carotid, internal carotid, basilar, posterior, middle and anterior cerebral, and epicardial coronary arteries were dissected out. For the coronary arteries (left, left circumflex, left anterior descending, and right), portions of underlying myocardium were retained. The aorta was opened ventrally, but the other arteries were not opened. The arteries were immersed in buffered formalin (pH 7.2) until fixation was complete and were then prepared for light microscopy by standard methods.
All aortas were stained simultaneously in the same solution of Oil Red O fat-soluble stain to demarcate lipid infiltration into fatty streaks and plaque over the total intimal surface. The areas (measured in percent) free of lesions, of plaque, and of fatty streaks were measured with a computerized image analyzer. Numerical scores were allocated to reflect severity of intimal lipid infiltration and other visible components of plaque and fatty streaks. The scores were 0=un-stained with no fatty streak or plaque; 0.25=pale-stained, flat fatty streak; 0.50=moderately red fatty streak; 1.00=intensely red, elevated fatty streak; 2.00=gross plaque. An overall score for intimal lesions was obtained by adding the products of score times area for each aorta. The measurements from the surface of aortas constitute total nonrandom samples of the variables specified.
In contrast to the nonrandom evaluation of the total aortic intimal surface, microscopic evaluation of aortas and arteries was based on random sampling. This sought to detect the frequency and characteristics of components of atherosclerosis from the endothelium to the adventitia. The sampling method for aortas was the same as the one applied previously, 43 which was from five constant sites, regardless of the presence or absence of lesions. The most proximal and distal sites were adjacent to the heart base and the bifurcation into the common iliac arteries, respectively, with three intermediate sites equidistantly spaced. The three proximal sites were thoracic and the two distal sites abdominal. The sections for microscopy at each site extended transversely across the aorta. The other arteries were sectioned transversely at approximately 3-mm intervals over the entire available lengths with no prior visualization of intimas. Since the chance of detecting lesions in histologjcal sections was random, the most advanced atherosclerosis revealed was taken as the indicator of the severity of peripheral, coronary, and cerebral involvement.
The stains applied to wax-embedded sections were hematoxylin and eosin for morphology and cytology; combined VerhoefFs-Van Gieson's for elastic and other connective tissue; combined Alcian Blue (pH 2.5)-periodic acid Schiff stains for acid and neutral proteoglycans; and von Kossa's stain for mineralization. Lipid penetration into arterial tissue was not examined in cryostat sections stained with Oil Red O because in vervets, this corresponds closely to the depth of disturbed microanatomy in hematoxylin and eosin-stained sections. 43 The sections of aortas and arteries were examined in random order by three microscopists, who reached a consensus. Sixteen variables were evaluated at the five constant aortic sites, either by measurement or enumeration (%): 1) maximum lesion depth (p.m), the maximum penetration of disturbed microanatomy from the endothelium into the intima or media; 2) mean lesion depth (fim), the average of five maxima defined as above; 3) fibrous plaque (%), thickened fibrotic intima protruding into the lumen of the vessel, sometimes extending deep into the media, and often complicated by mineralization, cholesterol crystals, or necrosis; 4) cholesterol clefts (%), needle-like, extracellular clefts in plaque or thickened intima caused by crystallized cholesterol; 5) foam cells (%), subendothelial foamy lipophages, identified morphologically and previously with lipid stain, 43 distinct from other chronic inflammatory cells; 6) endothelial loss (%), clearly recognizable extensive loss of cells with small areas of cell loss ignored; 7) intimal thickening (%), any purely intimal thickening with no fibrosis; 8) smooth muscle cell hyperplasia (%), increased morphologically identifiable smooth muscle cells, especially in thickened intimas; 9) proteoglycan infiltration (%), intimal and medial, extracellular, stained blue with Alcian Blueperiodic acid Schiff; 10) intimal mineralization (%), detected as grey, dark brown, or black with von Kossa's stain and ranging from scattered specks to whole plaques; 11) medial mineralization (%), present either as a part of the intimal mineralization when complicated plaque extended into the media or as a separate medial entity, usually microfocal (von Kossa's stain); 12) damaged elastic laminas (%), by fragmentation or splitting; 13) necrosis (%), cell death and tissue destruction focally within or beneath plaque; 14) collagen (%), accumulation of acellular material stained red with VerhoefFs/Van Gieson's stain, occurring mainly within fibrous plaque; 15) microthrombosis (%) of platelet microthrombi, not old organized thrombi forming part of the developed plaque; and 16) inflammation (%), as focal chronic arteritis within atheromas, indicated by the presence of mononuclear or rarely multinuclear inflammatory cells morphologically interpretable as macrophages but distinct from foam cells (lipophages) and nonatheromatous arteritis.
The same variables were used to score atherosclerosis as absent=0, mild=100, moderate=200, and severe=300 in peripheral, coronary, and cerebral arteries. On this scale, "mild" represents almost no disease, and "severe" means that extensive advanced plaque was present. The chance of an incorrect score is minimal because the sampling sites were at 3-or 4-mm intervals over nine arteries, and at each site, four sections were cut for the stains used. It is not valid to derive a comparative score for each artery because the portions available varied from a few millimeters for the left coronary and some cerebral arteries to more than 2 cm for other arteries.
Statistics
Analysis of variance and a Kruskal-Wallis nonparametric test were performed for each variable to determine if there were significant differences between the sexes or interactions between diet and sex. When diets significantly affected the variables, the Wilcoxon twosample test with the Bonferroni adjustment was applied to define between which diets the effects occurred. For two variables in aortas, maximum lesion depth and mean maximum lesion depth, Tukey's studentized range test was used to detect where differences lay. The comparison of females never exposed to the AD with those with varied exposure to that diet (35-91 months) was performed by the twotailed t tests and the Wilcoxon two-sample test.
Spearman's correlation analysis was applied to evaluate whether aortic atherosclerosis was associated with peripheral and coronary atherosclerosis. Correlation was deliberately sought across a range of dietary treatments and durations thereof as a test of the persistence of a relation across intervening variables. This methods has been validated for vervets fed ADs and prudent Western diets. 41 " 43 Correlations among overall aortic atherosclerosis scores and EPA and DHA values in the PC of plasma, cells, and tissues were calculated.
Results

Health Monitoring
Six animals were seropositive to STLV 1 and six to SIV, and nine were both STLV I and SIV seropositive. None was positive for SRV I. Positive retroviral status was associated with increased serum globulins at the start and end of the study. The increases were greatest for dual STLV I-SIV seropositivity but were also significant for SIV alone. Retroviral status was not associated with detected clinical disease and did not influence atherosclerosis. No tuberculosis, ectoparasites, helminths, cestodes, trematodes, or protozoa were detected. The hematology and serum biochemistry values were normal for vervets in the institute before, during, and at the end of the study. 414647 Individual animals in all the treatments either had similar weight gains or maintained weight. There were no signs of vitamin E deficiency such as creatinuria, myopathy, encephalopathy, or yellow fat, which might be induced by dietary polyunsaturates, especially if rancid. Table 2 . After FO supplementation of the AD and TD, EPA in PC of platelets was more concentrated than DHA, which was reversed from that in red blood cells, plasma, liver, and aorta. Plasma lipid and lipoprotein profiles during the dietary treatments (Table 3) showed effects due to the AD and TD but not to the oil supplements. The matching of individual animals for plasma cholesterol at the start of the treatments was maintained. Correlations among atherosclerosis and EPA and DHA levels in plasma, cells, and tissues were consistently positive (Table 3) .
Atherosclerosis
Males had more severe atherosclerosis than females after 20 months of the dietary treatments, during which the oil supplements and/or dietary change from AD to TD could influence progression or regression (Table 4) .
The analysis of aortic atherosclerosis in males is summarized in Table 5 , and morphological features are illustrated in Figure 1 . No component was significantly reduced after supplementing the AD with FO compared with SO, and three were significantly worse. After the change to the TD, foam cells were fewer, the endothelium improved, and proteoglycans were reduced. However, the combination TD/FO was associated with a smaller area free of lesions than was TD/SO.
The analysis of aortic atherosclerosis in females is presented in Table 6 . Again, no component was significantly improved after supplementing the AD with FO compared with SO, and six were worse. After the change to the TD, the overall score was reduced, there were fewer foam cells, and the endothelium was more intact. However, no component was better after TD/FO than after TD/SO.
The comparison of aortic atherosclerosis in females never fed the AD with all females that, at some stage, were fed the AD is presented in Table 7 , including/) values for parametric and nonparametnc tests. Results for plaque area, fibrous plaque (%), and inflammation (%) are clearly biomedically significant because these variables were not detected in the reference females (TD) but were common in the treated females (AD), making statistical evaluation unnecessary. The nonpa- Values for EPA and DHA are percent of fatty acids. Platelet determinations were made after 12, 17, and 20 months of treatment; plasma determinations were made after 8, 13, and 20 months; and red blood cells, liver, and aortic intima were after 20 months.
AD, atherogenic diet; SO, sunflower seed oil; TD, therapeutic diet; FO, fish oil; EPA, eicosapentaenoic acid; PC, phosphatidylcholine; DHA, docosahexaenoic acid.
*In platelet PC, DHA/EPA ratio reverses after FO supplementation compared with PC of red blood cells, plasma, liver or aorta, due to greater increases in EPA accumulation.
tThese ratios show responses in EPA and DHA after FO supplementation compared with those after SO. DHA responded less than EPA (see "Discussion").
rametric results for proteoglycan infiltration (%) and necrosis (%) were not significant.
More inflammation in atheromas after FO supplementation of the AD was indicated by significantly increased foam cells in males and females and of other inflammatory cells in females (Tables 5 and 6 ). Aortic atherosclerosis was more severe in the abdominal segment than in the ascending, arch, or thoracic segment.
Mean scores for peripheral and coronary atherosclerosis and the correlations between these and measures of aortic atherosclerosis are recorded in Tables 8 and 9 . Advanced peripheral and coronary disease are illustrated in Figures 2 and 3 . Mild cerebral atherosclerosis was detected in only one male, which was fed the AD with FO.
No platelet microthrombi were detected, but this may be because scanning electron microscopy was not used to examine the aortic intimas. Compromised vasoconstriction was clearly demonstrated when iliac artery biopsies coincided with plaque ( Figure 4 ).
Discussion
Atherosclerosis
In vervets, aortic atherosclerosis does reflect the disease in peripheral and coronary arteries, but the association with the latter is weaker and was not present in females, confirming a previous result. 43 From the ovarian and uterine histology studies (not shown), all the females were premenopausal, which may explain the slower atherosclerosis progression. AD, atherogenic diet; SO, sunflower seed oil; FO, fish oil; TD, therapeutic diet; Total C, total plasma cholesterol; HDL-C, plasma high density lipoprotein cholesterol; LDL-C, plasma low density lipoprotein cholesterol; VLDL-C, plasma very low density lipoprotein cholesterol; TG, plasma triacylglycerol; EPA, eicosapentaenoic acid; DHA, docosahexaenoic acid.
However, advanced coronary atherosclerosis was present in males, and they were also more susceptible to aortic and peripheral atherosclerosis. This confirms that vervets model the increased prevalence of atherosclerosis in men compared with women. It is not anomalous that more components differed in females than in males; yet, males were more severely affected (Tables 5 and 6 ). The reason is that all the males had some exposure to the AD, whereas the reference group of females was never exposed (Table  7) . Increased severity of atherosclerosis in the abdominal aorta concurs with a result from Macaca nemestrina. 48 '* 9 The AD did not promote cerebral atherosclerosis within the time span of this experiment. It may be that, as the walls of arteries become thinner and more like veins (e.g., from peripheral to coronary to cerebral), so they are less inclined to accumulate atherogenic insudates (Figure 1) .
Platelet microthrombi are a regular feature of early aortic atherogenesis in nonhuman primates when scanning electron microscopy is used to scrutinize the endothelium. 4849 However, in humans, the main clinical importance of thrombosis in atherosclerosis is as a complication of end-stage disease. Since models of the disease do not progress that far, thrombotic complications are not part of the results.
The need for nonmedicinal prevention rather than treatment of atherosclerosis is emphasized by the illustrations of atherosclerotic muscular arteries during reflex vasoconstriction. They permit visualization of the potential for focal and systemic complications (Figure 4) . Thus, while stenosis can produce localized ischemia, chronic ineffective peripheral circulatory control must have systemic effects, including cardiovascular compromise. When plaque is well developed, the ability of muscular arteries to shunt circulation in response to physiological demand must be reduced. The risk of thromboembolism secondary to plaque rupture is readily apparent. Loss of elasticity due to fibrosis, mineralization, and fragmentation of elastic laminas (Figure 2) must impair a critical function of elastic arteries. Rational therapy for advanced atherosclerosis needs to recognize the existence of local and systemic complications. For example, to reduce blood pressure pharmacologically in physically incompetent arteries might have serious side effects. Supplementation of the AD with FO from Atlantic pilchards did not reduce atherosclerosis, nor did it enhance regression when combined with the TD. Clearly, it should not be assumed that all marine FO is antiatherogenic, especially since atherosclerosis was significantly worse in association with FO supplementation. The magnitude of the increments in EPA (Table 2) confirms that cells and tissues responded to the dose and that there was compliance. That atherosclerosis was positively correlated with EPA and DHA in plasma, cells, and tissues indicates that interpretations based on pathology were not contradicted by the lipid chemistry. The reduced response ratios for DHA compared with EPA after FO supplementation (Table 2 ) must reflect endproduct feedback inhibition of the endogenous pathway to DHA. The reversal of the DHA to EPA ratio in platelet PC compared with that in red blood cells, plasma, liver, and aortic PC after FO supplementation of the AD and TD is probably because platelet EPA is a reservoir for prostaglandin synthesis. It is unlikely that any links between the oil supplements and atherosclerosis were via plasma lipids (Table 3) .
Atherogenesis is a chronic inflammatory process. 48 - 50 Specialized inflammatory cells were not reduced by FO, in that macrophage-derived foam cells, which originate mainly from blood mono- 50 were increased in males and females when the AD was supplemented with FO but not when SO was the supplement (Figure 1 ). This supports a report of increased stimulation of monocyte adhesion to endothelial cells by FO compared with butter fat 31 and concurs with increased intimal foam cells in quail fed with FO. 51 Increased recruitment of lipophages might indicate an activated scavenger pathway for lipid clearance, terol was reduced in two patients when FO supplied 40% of dietary energy, 18 and in pigs a favorable effect was reported when FO supplied 21% of energy. 19 There are aspects of the possible relations among dietary fish, its oils, and atherogenesis that require more definition. Do free o>-3 fatty acids have different effects from TGs enriched with these acids, and what is the influence of stereoposition of fatty acids in TGs 28 -29 ? In oil from Pacific pilchards (Sardinops sagax), the distribution of EPA and DHA within TG apparently differs from that in oils from cod, herring, salmon, or marine mammals, which are more likely to be eaten by Eskimos, 28 and which shows the potential for variation in oils prepared industrially. Do other nutrients in dietary fish and/or marine mammals, apart from fatty acids, have any influence? Vitamins C and E might be particularly important.
Therapeutic Diet
Lifelong avoidance of the AD combined with 26 months of TD prevented progression of atherogenesis in the reference females. After changing from the AD to the TD, some lipid components of atherosclerosis were cleared within 20 months. In males, this regression was reflected in overall score, lesion-free area (not with TD/FO), and foam cells in aortas (both sexes). However, more advanced components of atherosclerosis did not regress significantly in the aortas or peripheral arteries, which confirms a previous result. 43 The refractory elements included plaque, fibrosis, mineralization, cholesterol crystals, and the failure to remodel damaged arteries as reflected by lesion depth in aortas. Cholesterol crystals are part of the lipid component of atherosclerosis but may be sealed from metabolism by fibrous plaque. It is unresolved as to whether longer TD treatment would be effective against the more refractory components of atherosclerosis. The TD was effective in reducing plasma cholesterol, especially in the LDL fraction, as described before. 41 Foam cells in arteries indicate an active nonreceptor or scavenger pathway that attempts to clear lipids from the tissue. 31 ' 48 -50 This need increases when the plasma lipoprotein pool is loaded in excess of the capacity of hepatic receptor-mediated pathways for lipoprotein clearance. The significant reductions in foam cells is indirect proof that changing to the TD is effective in achieving total body lipoprotein homeostasis. Further evidence of this is the clearance of lipid from fatty streaks after change to the TD. If a TD were sustained from neonatal to old age, it should ensure a real reduction in atherosclerosis risk in the model studied, but addition of FO appeared to increase the risk.
